During exocytosis a four-helical coiled coil is formed between the three SNARE proteins syntaxin, synaptobrevin and SNAP-25, bridging vesicle and plasma membrane. We have investigated the assembly pathway of this complex by interfering with the stability of the hydrophobic interaction layers holding the complex together. Mutations in the C-terminal end affected fusion triggering in vivo and led to two-step unfolding of the SNARE complex in vitro, indicating that the C-terminal end can assemble/disassemble independently. Free energy perturbation calculations showed that assembly of the C-terminal end could liberate substantial amounts of energy that may drive fusion. In contrast, similar N-terminal mutations were without effects on exocytosis, and mutations in the middle of the complex selectively interfered with upstream maturation steps (vesicle priming), but not with fusion triggering. We conclude that the SNARE complex forms in the N-to C-terminal direction, and that a partly assembled intermediate corresponds to the primed vesicle state.
Introduction
Formation of a tight, four-helical bundle (the SNARE complex) between the membranes is necessary for membrane fusion. The best-studied SNARE complex, consisting of synaptobrevin 2, syntaxin 1 and SNAP-25, is involved in the exocytosis of neurotransmitter-filled vesicles in the synapse. SNAP-25 contributes two a-helices to the complex and is localized to the plasma membrane by palmitoylation, whereas synaptobrevin and syntaxin are anchored in the vesicular and plasma membrane, respectively, via transmembrane domains (Figure 1 ). The membrane anchors of synaptobrevin and syntaxin are both placed on the C-terminal side of the assembled complex (Hanson et al, 1997; Sutton et al, 1998) . This arrangement gave rise to the idea that SNARE complex formation may occur in a 'zipper-like' fashion, proceeding in the N-to C-terminal direction (Hanson et al, 1997) . In this scenario, the formation energy of the trans-SNARE complex helps overcome the energy barrier for fusion of the membranes. Even though this model is highly attractive and has been investigated in a number of studies, it remains unproven.
Studies of the soluble part of the SNAREs have shown that SNARE complex formation nucleates rather slowly through an N-terminal interaction between syntaxin and SNAP-25 (Fasshauer and Margittai, 2004) . The 1:1 syntaxin:SNAP-25 complex serves as an acceptor site for synaptobrevin binding, but can also bind a second syntaxin in vitro; a step that is unlikely to occur in the cell. Yet, this competing reaction has hindered the determination of the rate and mode of synaptobrevin binding. Structural studies of the homologous yeast SNAREs showed that the binary complex is partly unstructured in the C-terminal end, whereas the ternary complex is fully structured. It was thus suggested that a ternary SNARE complex with a partly unstructured C-terminal end might be an intermediate on the pathway to secretion (Fiebig et al, 1999) . Nevertheless, there is no direct evidence showing that the ternary complex can exist in a partly folded state.
SNAREs reconstituted into liposomes can drive membrane fusion, albeit with slow kinetics (Weber et al, 1998) . A C-terminal fragment of the synaptobrevin SNARE domain accelerated the fusion rate, and it was suggested that this effect is caused by the induction of structure into a partially formed ternary SNARE complex (Melia et al, 2002) . However, the slow fusion rate in vitro may be due to the formation of an unproductive 2:1 syntaxin:SNAP-25 complex that is prevented by the synaptobrevin fragment. Using peptide infusion into permeabilized PC12 cells, it was found that SNARE complex assembly could not be dissociated from Ca 2 þ -triggering (Chen et al, 1999) . Infusion of syntaxin fragments supported N-to C-terminal formation of the SNARE complex, but it was argued that a partly formed complex is unlikely to exist (Matos et al, 2003) . However, secretion in PC12 cells is very slow (tB30 s) compared to neurosecretory cells (tB20 ms), possibly because PC12 cells lack a population of vesicles that have matured to be 'release-ready' (Martin, 2003) . Fusion of release-ready vesicles underlies the first, fast secretory phase in neurosecretory cells and neurons. Kinetic consequences of SNARE cleavage (by neurotoxins), sequestering (by antibodies), elimination (by genetic techniques) or overexpression studies have all indicated that the SNAREs are intimately involved in the last steps of exocytosis (Capogna et al, 1997; Xu et al, 1998 Xu et al, , 1999 Hua and Charlton, 1999; Han et al, 2004; Borisovska et al, 2005; Sakaba et al, 2005) , and some investigators have suggested the existence of partly folded intermediates (Hua and Charlton, 1999; Xu et al, 1999) . However, with these approaches it was not possible to unambiguously identify intermediate steps in the fusion pathway.
Alternative models have been proposed for the SNARE assembly pathway. For example, it was suggested that the C-terminal end of the synaptobrevin SNARE domain is buried in the vesicular membrane, preventing SNARE complex formation (Hu et al, 2002; Kweon et al, 2003) . This finding raised the possibility that SNARE complex formation may start from the C-terminal end (Kweon et al, 2003) .
In summary, two crucial aspects of SNARE action are still unclear: does the complex indeed assemble in the Nto C-terminal direction, and does assembly occur in a single reaction, or through a partially assembled intermediate? To address these questions, we have now combined analysis of SNARE assembly/stability in vitro with functional analysis of SNAREs in fast neurotransmitter release from chromaffin cells. In these cells vesicle maturation is arrested at the 'release-ready' state, where the vesicle awaits the calcium trigger for fusion. Using electrophysiological methods it is possible to distinguish between 'priming reactions', which lead up to this state, and 'triggering reactions', which lead to fusion from this state. This makes it possible to study the assembly of the SNARE complex, as it applies to these two steps. Three different scenarios can be envisioned: the SNARE complex may form completely either before ( Figure 1A ) or after ( Figure 1B ) Ca 2 þ -triggering. These scenarios do not allow the distinction of more than one assembly event, and would thus not provide information about the assembly direction or the existence of intermediates. However, in the third scenario the SNARE complex forms partly during the priming step and then completes assembly simultaneously with the Ca 2 þ -triggering step ( Figure 1C ). In this case an assembly intermediate coincides with the readily releasable state, and localized interference with complex assembly should allow the determination of the assembly direction, that is, if N-to C-terminal assembly drives secretion (as in Figure 1C ), C-terminal interference would affect exocytosis triggering, whereas more N-terminal interventions would affect vesicle priming.
Results
In order to locally destabilize the SNARE complex, we mutated layer residues to alanines, because its small apolar side chain would not introduce steric hindrance of SNARE complex formation or change the surface charge of the complex. This is important, because several other proteins (synaptotagmins, complexins) bind to the surface of the SNARE complex through polar interactions. To evaluate the function of SNAP-25 in a gain-of-function framework, we overexpressed mutated or wild-type (WT) protein in SNAP-25 null embryonic chromaffin cells (S^rensen et Figure 2Aa ). Flash-induced secretion occurs in several phases, which are usually assumed to represent sequential events in the exocytotic cascade. A rapid burst of secretion within the first 0.5-1 s after the [Ca 2 þ ] i increase is caused by fusion of vesicles that were release-ready before stimulation, whereas the much slower sustained component most likely represents the recruitment (referred to as priming) of new vesicles into the releasable pool (S^rensen, 2004) . Kinetic analysis allows determination of the sizes of the two releasable pools (readily releasable pool (RRP) and slowly releasable pool (SRP)), and the rate of the sustained component, all of which report on the priming process, and the fusion time constants, which report on the fusion-triggering process.
Mutations in the C-terminal end of the complex: electrophysiology We first targeted the most C-terminal (membrane-proximal) hydrophobic layer of the complex ( þ 8; Figure 1D ), which consists of a methionine (Met-202) and a leucine (Leu-81) from SNAP-25, a leucine from synaptobrevin and an alanine from syntaxin. When mutating Met-202 to Ala in SNAP-25, rescued chromaffin cells showed the same level of secretion as in cells rescued with WT SNAP-25 (Figure 2Aa ). Kinetic analysis revealed that neither the amplitude of the two exocytotic burst phases nor the sustained rate of release was changed (Figure 2Ab and c), indicating intact priming in these cells. The rate constant of release from the RRP ( ¼ 1/t, where t is the time constant of the fastest exponential) and the time delay (from the flash of UV light until the start of the capacitance increase) were unchanged by this mutation over the range of investigated [Ca 2 þ ] i (Figure 2Ad and e), indicating intact exocytosis triggering. When the single mutation Leu-81 to alanine (L81A) was tested, a roughly unchanged exocytosis pattern was found, except for a slight, but significant, decrease in the size of the RRP and a slower rate of exocytosis triggering in some cells (Supplementary Figure 1) .
To elicit a stronger phenotype, we combined the two mutations ( Figure 2B ). The double mutation L81A/M202A led to a noticeable slowdown of the fastest phase of secretion (Figure 2Ba ). The amplitude of secretion within the first 1 s or within the time period 1-5 s after the flash was, however, not significantly changed (Figure 2Bc and d). We analyzed the fastest resolvable rate constant of secretion and the secretory delay. This revealed substantially slower triggering kinetics with the double mutation, compared to WT (Figure 2Be and f). Alternatively, as a model-independent way of analyzing triggering speed, we scaled the capacitance increase and the integrated amperometric charge in mutant and WT to the same amplitude at 1 s after the flash. This confirmed the slowdown of the fast-phase secretion by the double mutation ( Figure 2Bb ).
We next combined the L81A/M202A mutation with a mutation in layer þ 7:L78A. The triple mutation L78A/ L81A/M202A displayed substantial slowdown of secretion (Figure 2Ca ), and also reduced secretion at 1 s after the flash (Figure 2Cc ). This effect was more severe than for the double mutation, which was reflected in slower rates and longer delays (Figure 2Ce and f). Slowdown of secretion was confirmed in the amperometric trace ( Figure 2Cb ).
The flash photolysis data pointed to a more severe phenotype of the triple mutation compared to the double mutation. To investigate this further, we stimulated the cells using slowly increasing calcium concentrations (calcium ramps). The simultaneously measured capacitance change indicated that secretion was shifted to later times (or higher calcium concentrations) with the double mutation, but even more so with the triple mutation ( Supplementary Figure 2) , indicating a graded effect of accumulating mutations in the C-terminal end of the SNARE complex.
With the triple mutation our possibilities for making alanine substitutions in the last layers were exhausted, since the other amino acids from SNAP-25 in layers þ 7 and þ 6 are already alanines ( Figure 1D ). To further destabilize the last layers, we deleted the last nine amino acids (D9 mutant) in the C-terminal helix of SNAP-25, corresponding to the Botulinum Neurotoxin A (BoNT/A) cleavage product. For comparison we also deleted the last 26 amino acids (D26 mutant), corresponding to cleavage by BoNT/E. When raising [Ca 2 þ ] i to 20-30 mM, neither of these two mutants supported secretion, when compared to SNAP-25 null cells ( Figure 3A ). The D26 deletion actually acted as a dominant negative, depressing secretion to below SNAP-25 null levels. In the same cells we performed a second stimulation, increasing the post-flash [Ca 2 þ ] i to 4100 mM ( Figure 3B ). Under these conditions a large increase in cell membrane capacitance is normally observed, which does not correlate with the amperometric current and has been attributed to the fusion of another population of vesicles that does not contain catecholamines (Xu et al, 1998) . Therefore, under these conditions we evaluated the integrated amperometric current as a measure of catecholamine secretion (Materials and methods). The released amperometric charge was significantly higher in the D9 mutation than in SNAP-25 null cells, whereas the D26 was still dominant negative when compared to the null ( Figure 3B , lower panel). Therefore, the D9 mutation can drive secretion of catecholamine-containing vesicles; however, it does so at much higher [Ca 2 þ ] i -even higher than the L78A/L81A/M202A triple mutation. The D26 mutation, on the other hand, seems unable to support secretion at all.
We then returned to alanine substitutions, and introduced mutations into layer þ 5 (M71A/I192A). This mutation completely eliminated secretion ( Figure 3C and D) . In 18 cells from three preparations expressing this mutant, only in one cell were a few amperometric spikes detected upon stimulation-secretion was also not restored when increasing [Ca 2 þ ] i to 4100 mM ( Figure 3D ). We noticed that these cells appeared to be smaller than normal, and this was confirmed by capacitance measurements (layer þ 5: 4.070.2 pF, N ¼ 18; WT: 7.970.4 pF, N ¼ 26, Po0.001). A similar mutation in layer þ 4 (I67A/N188A) also did not rescue secretion to anywhere near WT levels, even though amperometric spikes were seen frequently upon stimulation (total capacitance increase at 5 s after a flash: 3577.7 fF, N ¼ 18 cells in the mutant compared to 370744 fF, N ¼ 24 cells in WT rescued cells, Po0.001). We also overexpressed the D26, layer þ 5 and layer þ 4 mutations in WT cells expressing endogenous SNAP-25, where all mutations led to a near-elimination of secretion (not shown). Thus, these mutations are dominant negative, indicating that they can still interact with their cognate SNARE partners (syntaxin, synaptobrevin), but that the formed complexes are nonproductive for fusion.
In conclusion, we have identified a number of C-terminal mutations leading to graded effects on exocytosis triggering, establishing the sequence: layer þ 5 mutationoD9oL78A/ L81A/M202AoL81A/M202AoL81AEWT. Subsequently, we turned to biochemical measurements in order to investigate the in vitro properties of the SNARE complex.
The SNARE complex contains two functional domains that can fold/unfold independently SNARE assembly/disassembly exhibits pronounced hysteresis, indicative of a kinetic barrier between the assembled and unfolded states (Fasshauer et al, 2002) . This makes it impossible to reach equilibrium within an experimentally accessible time scale, but at the same time it opens a rare possibility for studying both the assembly and disassembly reactions without interconversions. Hence, thermal unfolding experiments give insights into the stability of the four-helix bundle, whereas the assembly reaction can be measured at room temperature, where disassembly is exceedingly slow. Since the formation of the complex is accompanied by a large increase in a-helical structure, CD spectroscopy can be used to monitor complex assembly and disassembly.
N-terminal truncations of SNAP-25 severely impair assembly of a ternary SNARE complex, whereas C-terminal deletions (D9 and D26) do not (Fasshauer and Margittai, 2004) , indicating that N-terminal nucleation is rate limiting for assembly. In line with these findings, all C-terminal alanine mutants were able to normally assemble into a binary syntaxin/SNAP-25, as well as into a ternary complex ( Figure 4A ). Next, thermal denaturation experiments on preassembled ternary SNARE 'core complexes' were carried out. The WT complex unfolded in a single transition at B891C ( Figure 4B ). The melting curve of the SNARE complex containing the single layer þ 8 mutation (L81A) was almost undistinguishable from WT. When the double (L81A/M202A) or the triple (L78A/L81A/M202A) SNAP-25 mutations were analyzed, a small deviation from a single-step unfolding behavior was observed. Remarkably, a very clear two-step unfolding process was detected for the D9 deletion and the layer þ 5 mutation (M71A/I192A) ( Figure 4B ). The two-step unfolding process suggests that the C-terminal portion of the SNARE bundle can unfold independently of the N-terminal portion. This is the first clear structural evidence that two distinct domains reside in the extended SNARE bundle. The first unfolding step occurred at different temperatures, establishing the sequence: layer þ 5 mutationoD9oL78A/L81A/ M202AoL81A/M202AoL81AEWT. Thereby, the temperature of the first unfolding step scales with the severity of the mutation for exocytosis, suggesting that the defect on secretion depends on the destabilization of the C-terminal end of the SNARE complex. However, the layer þ 4 mutation (I67A/N188A) did not exhibit two-step unfolding, but rendered the entire four-helix bundle less stable (B811C; not shown). It is possible that the layer þ 4 is so far removed from the C-terminal end that its mutation compromises the whole complex, rather than just the C-terminal end.
The mutations analyzed indicate that exocytosis triggering is affected by mutations that specifically destabilize the C-terminal end of the SNARE complex, and that this end of the complex can fold/unfold independently of the rest. This suggests that SNARE assembly-probably of its C-terminal end-is intimately linked to exocytosis triggering and does not occur in an upstream priming step.
Expression and targeting of mutated SNAP-25 to the plasma membrane An alternative explanation for the effects of our mutations could be defective expression or targeting to the plasma membrane. We therefore investigated membrane targeting and the overexpression level of SNAP-25 mutations using isolated plasma membrane sheets. These data confirmed that similar amounts of SNAP-25 mutants were targeted to the plasma membrane ( Figure 5 ). The expression level was B10-fold over the level in WT cells ( Figure 5C ). We have previously shown that overexpression of SNAP-25 for 6-10 h using Semliki Forest Virus (SFV) does not impair secretion in chromaffin cells (S^rensen et al, 2003) .
Alanine substitutions in the center of the SNARE complex affect the priming reaction In the next experimental series, we introduced alanines pairwise into the central SNARE layers. The zero layer is special, because here a charged arginine from synaptobrevin interacts with three glutamines ( Figure 1D ). Nevertheless, alanine substitutions into layers À1 (L50A/I171A), 0 (Q53A/ Q174A), þ 1 (L57A/I178A) and þ 2 (V60A/I181A) had very similar effects on exocytosis (Figure 6 ). In all cases the only parameters significantly changed were the sustained component of release (all mutations; Figure 6Ac , Bc, Cc and Dc) and the size of the fast exocytotic burst (significantly affected in layers À1, 0, and þ 1, but not in layer þ 2, even though the same tendency was seen; Figure 6Ab , Bb, Cb and Db). In (Voets, 2000) and describe the data in the WT situation. These data show no major change in secretion upon mutation of M202 into alanine. Figure 5B ). *: Po0.05; **: Po0.01; ***: Po0.001.
contrast, the time constants of the fast and slow burst of release were unchanged (Figure 6Ad , e, Bd, e, Cd, e and Dd, e). Inspection of capacitance and amperometric traces scaled to WT amplitude confirmed that the kinetics of fast secretion were unchanged (Figure 6Af , Bf, Cf and Df). Thus, with mutations in the central part of the SNARE complex, the sustained component of release is slowed down, which is an indication that priming of new vesicles for release is impaired. The reduction in the size of the fast burst leads to the same conclusion: fewer vesicles had been made ready for fast release before stimulation. However, the kinetics of fusion of those vesicles that were already primed at the time of stimulation remained unaffected. These data extend previous overexpression experiments in bovine chromaffin cells targeting the zero layer (Wei et al, 2000) by showing that this effect is shared by neighboring layers, and is seen with mutations that do not impose steric hindrance of SNARE complex formation.
Alanine substitutions in the N-terminal end of the SNARE complex fail to modify secretion
Interestingly, alanine substitutions in the outermost N-terminal layers, À7 (T29A/L150A) and À6 (M32A/V153A), only caused a small depression of mean secretion (Figure 7) . Upon kinetic analysis, however, neither the burst components nor the sustained rate of release were significantly reduced . Most importantly, the triggering phase of secretion was unchanged by both mutations ( Figure  7Ad -e and Bd-e). This conclusion is also reached when inspecting scaled capacitance and amperometric traces (Figure 7Af and Bf). Thus, mutations in the very N-terminal layers did not significantly affect exocytosis.
Formation rate and stability of SNARE complexes with central and N-terminal mutations
We next investigated the assembly of SNARE complexes with mutations in the N-terminal end and in the middle. The The assembly rates of C-terminal SNAP-25 mutants into a binary or ternary SNARE complex were similar compared to WT SNAP-25. SNAP-25 and the SNARE motif of syntaxin were mixed and the increase in a-helical signal at 222 nm upon complex formation was followed by CD spectroscopy. Synaptobrevin was added after binary assembly (indicated by an arrow) and the formation of the ternary complex followed over time. (B) Thermal melts of SNARE complexes containing SNAP-25 variants. Complexes containing a deletion of the last nine C-terminal amino acids (D9) or a double alanine mutation in layer þ 5 unfolded in two separate steps; also, a triple mutation in the last C-terminal layers deviated from a single unfolding transition. The first unfolding step probably represents the autonomous unfolding of the C-terminal region of the SNARE four-helix bundle. The unfolding temperature of the remaining SNARE bundle was only slightly reduced compared to the WT complex. Figure 6 Mutation in the middle layers slows down the vesicular priming rate. Double mutation in layer À1 (L50A/I171A) (Aa), layer 0 (Q53A/Q174A) (Ba), layer þ 1 (L57A/I178A) (Ca) and layer þ 2 (V60A/I181A) (Da) decreased the mean secretion. (Ab, c, Bb, c, Cb, c, Db, c) the sustained rate of release was significantly decreased in all cases, whereas the amplitude of the fast burst was significantly depressed in layer À1, 0 and þ 1 mutations. (Ad, e, Bd, e, Cd, e, Dd, e) Time constants of fast and slow burst fusion were unchanged. (Af, Bf, Cf, Df) The mean capacitance and cumulative amperometric charge scaled to WT amplitude revealed no differences in the triggering phases of secretion. double mutations in the N-terminal end of the complex (layers À6 and À7) strongly inhibited the formation of both the binary syntaxin/SNAP-25 complex and the ternary complex with synaptobrevin (layer À6; see Figure 8A ). At least part of this effect extended into the central portion of the bundle; for example, the layer À1 mutant slowed the binary and ternary SNARE interaction ( Figure 8A ). It should be stressed that the measurements in Figure 8A do not allow statements about the kinetics of synaptobrevin binding to the syntaxin:SNAP-25 1:1 complex, because of the spontaneous formation of a 2:1 syntaxin:SNAP-25 complex in vitro. Thermal denaturation experiments revealed that the mutations decreased the stability of the ternary SNARE complex compared to WT; however, two-step disassembly was not observed, except for a tendency in the layer 0 mutation ( Figure 8B) .
The biochemical data thus show that all our alanine mutations destabilized the SNARE complex (Figure 7) . At the same time, mutations in layers À6 and À7 led to a dramatic inhibition of in vitro SNARE complex formation, even though secretion was intact. This reveals the existence of a kinetic step in SNARE complex assembly that is rate limiting in vitro but not in vivo (see Discussion).
The energy available for fusing the membranes
The data presented above support the two-step assembly model in Figure 1C , in which fusion coincides with SNARE complex assembly across the C-terminal layers. This raises the question whether C-terminal assembly can exert enough force to fuse the membranes. This cannot be answered directly, since the energy required to fuse membranes is unknown. Furthermore, the formation energy of the SNARE complex cannot be measured biochemically, because of the folding/unfolding hysteresis (Fasshauer et al, 2002) . Instead, we used free energy perturbation simulations to assess the change in thermodynamic stability introduced by some of the C-terminal mutations. This gives a lower estimate of the total energy that can be made available by assembly across the last two layers. An assumption behind these calculations is that the mutations do not cause major structural changes. Based on the unfolding experiments in Figure 4B , this assumption appears reasonable when calculations are made at physiological temperatures and restricted to mutations in the last two hydrophobic layers.
Simulations were carried out by mutating the amino acids to alanines 'in silico', yielding free energy differences for the mutation in both the folded and unfolded states (DG). The difference between the two (DDG) provides an estimate for the amount of destabilization of the complex. The results in Table I show that the single, double and triple C-terminal mutations progressively destabilize the complex. The DDG for the triple mutation of 45 kJ/mol indicates that assembly across the last layers may make substantial amounts of energy available for fusing of the membranes.
Discussion
Sequential N-to C-terminal 'zipping-up' of the SNARE complex In this study, we have interfered systematically with the hydrophobic layers of the SNARE complex. C-terminal . Assembly into the ternary complex was also very slow with the layer À6 mutation, and moderately slowed down by the layer À1 mutation. (B) Central layer mutants (layers À1, 0 and þ 2) rendered the entire ternary SNARE complex somewhat less stable than N-terminal layer mutants (layers À7 and À6). Note that the 0-layer mutation appears to cause a slight two-step unfolding process (T m1 E731C, T m2 E791C), which is not seen when mutating neighboring layers. mutations led to a slowdown of the fast phase of exocytosis, indicating that the C-terminal region of the complex is intimately coupled to exocytosis triggering. Thermal denaturation experiments of SNARE complexes formed with C-terminal mutations revealed a two-step unfolding process ( Figure 4B ), indicating that these mutations specifically loosened the C-terminal end without affecting the remaining structure of the complex. This provides the first biochemical evidence that two functional domains reside in the extended SNARE bundle. Such a feature is a prerequisite for stepwise SNARE assembly ( Figure 1C ). Free energy perturbation calculations showed that assembly of the C-terminal end of the complex might release substantial amounts of energy, which could be coupled to membrane fusion when the complex forms in trans. Weakening of the C-terminal portion would diminish this energy and eventually, with more disruptive mutations, SNARE assembly would surrender to the repulsive forces between two apposing membranes. Mutations in the middle of the complex led to a specific slowdown of vesicle priming, but did not affect the fusion rate constant of primed vesicles. The simplest explanation for this finding is that chromaffin cells have a certain number of vesicles with SNARE complexes in a state of assembly extending beyond the central layers. Consequently, during fusion triggering only the C-terminal layers have to assemble (Figure 1C ), rendering the fusion of primed vesicles very fast, and not limited by the preceding slow N-terminal assembly process. Collectively, our findings support the 'SNARE zipper model' (Hanson et al, 1997) .
A two-step SNARE assembly process was previously suggested to underlie priming and triggering in neurosecretory cells, based on an assay where recombinant SNARE fragments were introduced into cracked PC12 cells (Chen et al, 2001 ). These authors found that ATP-dependent priming created a binding site for syntaxin, and thus suggested that the precomplex is formed by synaptobrevin and SNAP-25. Yet, the proposed scenario does not satisfyingly explain why the synaptobrevin helix is as efficient as the syntaxin helix in inhibiting secretion. We now know that the 1:1 syntaxin/ SNAP-25 complex can bind to both syntaxin and synaptobrevin (Fasshauer and Margittai, 2004) . Thus, if ATP-dependent 'priming' involves the formation of a 1:1 syntaxin/ SNAP-25 complex, these observations are in agreement with our model in Figure 1C . Inherent in this explanation is the assumption that ATP-dependent 'priming' is upstream of the formation of the readily releasable state of the vesicle (this process is referred to as 'priming' in this article). This is in agreement with the proposition that PC12 cells lack a stabilized pool of readily releasable vesicles (Martin, 2003) .
Another group used intramolecular FRET of an engineered SNAP-25 (termed SCORE) expressed in PC12 cells to monitor the formation of the syntaxin:SNAP-25 dimer (An and Almers, 2004) . They concluded that the N-terminal SNARE domain of SNAP-25 joins syntaxin during priming, forming a two-helical bundle, which serves as an acceptor for the Cterminal helix of SNAP-25 and synaptobrevin during triggering. It is possible that this assay has resolved another SNARE intermediate; however, a two-helix bundle would need to be stabilized by other factors, which so far remain unidentified. In the light of our data, it appears unlikely that the C-terminal SNAP-25 helix would join the complex during triggering, but it is conceivable that a two-helix bundle could precede the formation of the three-helical acceptor complex. Other possibilities are that WT SNAP-25 might have complemented the SCORE construct, resulting in a three-helix bundle that would have gone undetected, or that the SCORE construct might have unusual properties because of the presence of a fluorophore in the linker domain.
Mutation in the C-terminal end of the SNARE complex
The identification of a double alanine mutation in layer þ 5, which led to pronounced two-step unfolding in thermal melts, should make it possible to study the partly assembled ternary complex in detail using structural methods. The lack of two-step unfolding in the neighboring layer þ 4 mutation may mean that layer þ 4 is close to the interface between zipped and unzipped layers in the partially assembled complex. From the scenario in Figure 1C , it might then be expected that the layer þ 4 mutation has more upstream effects on secretion than the layer þ 5 mutation. However, since both mutations virtually abolished secretion, it is not possible to determine whether they do so by interfering with different steps (priming or triggering). It is striking that the most deleterious mutation of a SNARE protein ever described (the layer þ 5 mutation) was obtained by the relatively conservative substitution of alanines for two larger hydrophobic amino acids in the interior of the complex. This underlines the extreme importance of the assembly of the C-terminal end of the complex for secretion. This critical region has also been identified in other studies. Thus, genetic screens in Caenorhabditis elegans identified mutations in layers þ 4, þ 5 and þ 6 Saifee et al, 1998) . In Drosophila, a double mutation of syntaxin in layers þ 4 and þ 5 strongly reduced release (Fergestad et al, 2001) , whereas more N-terminal layer mutations led to milder phenotypes (Wu et al, 1999; Rao et al, 2001) . We suggest that this area defines the interface between two functional domains in the SNARE complex.
Previous data on bovine chromaffin cells overexpressing the D9 deletion were interpreted as a selective loss of the RRP, whereas the other releasable vesicle pool-the SRP-persisted (Wei et al, 2000) . Here we showed that, when overexpressed in SNAP-25 null cells, the D9 deletion cannot support secretion at 20-30 mM [Ca 2 þ ], but higher calcium concentrations can partly overcome the defect. This finding is in agreement with data obtained in neurons after BoNT/A cleavage (Capogna et al, 1997; Trudeau et al, 1998; Gerona et al, 2000; Sakaba et al, 2005) . Molecularly, this was explained by defective Ca 2 þ -dependent synaptotagmin binding to SNARE complexes containing truncated SNAP-25 (Gerona et al, 2000) . In the present investigation, we have arranged the D9-mutation into a sequence of mutations causing progressive destabilization of the C-terminal end of the complex. This makes it likely that the destabilization of the C-terminal end of the SNARE complex is causative also for the effect of the D9 deletion. However, if final zipping of the last couple of SNARE layers happens simultaneously with Ca 2 þ -binding to synaptotagmin ( Figure 1C ), allosteric coupling between the two processes could make zipping of the SNARE complex dependent on binding of synaptotagmin to the SNARE complex and vice versa. Thus, the two explanations for the effect of the D9 deletion do not exclude each other.
